Abstract. Immunogenicity is a significant concern for biologic drugs as it can affect both safety and efficacy. To date, the descriptions of product immunogenicity have varied not only due to different degrees of understanding of product immunogenicity at the time of licensing but also due to an evolving lexicon that has generated some confusion in the field. In recent years, there has been growing consensus regarding the data needed to assess product immunogenicity. Harmonization of the strategy for the elucidation of product immunogenicity by drug developers, as well as the use of defined common terminology, can benefit medical practitioners, health regulatory agencies, and ultimately the patients. Clearly, understanding the incidence, kinetics and magnitude of anti-drug antibody (ADA), its neutralizing ability, cross-reactivity with endogenous molecules or other marketed biologic drugs, and related clinical impact may enhance clinical management of patients treated with biologic drugs. To that end, the authors present terms and definitions for describing and analyzing clinical immunogenicity data and suggest approaches to data presentation, emphasizing associations of ADA development with pharmacokinetics, efficacy, and safety that are necessary to assess the clinical relevance of immunogenicity.
INTRODUCTION
Thera peutic protei ns (al so c al led biolog ic s, biopharmaceuticals, biological products, or biological medicinal products) and peptides have the potential to induce immunogenicity (1, 2) . This drug class is referred together as "biologic drugs" in this article even though the US and European regulatory authorities currently distinguish peptides as recombinant (biologic) versus synthetic (chemical) entities with discrete Biologics License Application (BLA)/ Marketing Authorisation Application (MAA) submission requirements. Peptides, which are not traditionally considered biologics or proteins, can have immunogenic properties similar to proteins.
The consequences of product immunogenicity vary from no evidence of clinical effect to severe, life-threatening responses (3) (4) (5) . Anti-drug antibodies (ADA) have been implicated in infusion reactions and anaphylaxis (6, 7) as well as immune complex-mediated diseases (8, 9) . ADA have also caused secondary treatment failures (loss of efficacy) (10) (11) (12) and, in rare occasions, more serious adverse events such as deficiency syndromes for instance thrombocytopenia and pure red cell aplasia (13, 14) . Therefore, ADA are a medical concern in terms of safety and long-term efficacy of the drug and it is critical to evaluate their development in all patients during clinical studies, not just in a symptom-driven manner (15) . With a goal of guiding medical practice, the elucidation of ADA responses and their characteristics relative to clinical consequences is vital.
Despite the recent development of a variety of approaches to mitigate the immunogenicity potential of manufactured protein molecules, including the use of native human protein sequences, modification of known or predicted immunogenic epitopes, production in mammalian culture systems, advanced manufacturing practices, and analytical characterization techniques, the human immune system can perceive "foreignness/non-self" (16) or "danger signals/ stressed self" (17) in the biologic drug product and launch specific immune responses against them. Indeed, most approved biologic drugs are immunogenic, and the incidence of ADA can reach over 90% (3) (4) (5) 18) . Importantly, the incidence of ADA and their clinical sequelae can vary greatly between same-class products and between patient populations hindering predictions of immunogenicity and necessitating clinical testing. Such differences may reflect disparate bioanalytical methods and interpretation approaches (19, 20) , as well as a plethora of product-specific and patient-specific factors (15, 18, 21, 22) . Further compounding this issue is a lack of standardization in the terminology and approaches used for the collection, analysis, and presentation of immunogenicity results.
Biologic drug package inserts or prescribing information documents describe clinical immunogenicity to varying degrees but frequently merely mention the overall incidence of ADA and/or neutralizing antibodies (NAb) in pivotal studies. Such limited information, although pertinent, is inadequate to inform physicians and patients of the true benefit/risk of the treatment in clinical practice. The lack of sufficient and consistent description of ADA-related events can cause confusion or erroneous patient management by clinicians. To provide optimal treatment plans for their patients, medical practitioners can benefit from having specific information on immunogenicity relating to the safety of initiating a treatment regimen, the maintenance of treatment efficacy with an acceptable safety profile, and clinical management options when ADA develop in their patients. Examples include risk of anaphylactic response with the initial administration or episodic re-administration of the biologic, dosing strategies tested to achieve a therapeutic effect despite the presence of ADA ("dosing through"), and situations requiring discontinuation of therapy, or consequences of switching to another same-class product or a product with a different mechanism of action. Therefore, it would be useful for labels to describe ADA incidence and magnitude, time of onset, duration, neutralizing ability, crossreactivity with endogenous molecules or other marketed biologic drugs, and their clinically relevant thresholds to enable clinical management of disease with biologic drugs.
To foster a unified approach to assessing and describing product immunogenicity, the Therapeutic Protein Immunogenicity Focus Group of the non-profit professional organization American Association of Pharmaceutical Scientists (AAPS) convened a team of experts from industry and regulatory agencies and tasked them with producing a consensus document comprising best practices and recommendations. Accordingly, this article offers definitions for terminology commonly applied to the descriptions of product immunogenicity, as well as analytical and data presentation approaches, and guidance on the types of information necessary for clinicians to assess the clinical relevance of immunogenicity. It also provides specific recommendations on sampling schema for the assessment of ADA in clinical studies and on the interpretation and presentation of the corresponding results. However, because analyses and interpretations can vary for different products based on the drug development phase or pharmacovigilance objectives and specific assessments of risk, the authors' recommendations are to be taken as a general approach to enhance the understanding of immunogenicity, but are not meant to be used in lieu of current regulatory guidance documents, consultations with health agencies, or sound scientific judgment.
TERMINOLOGY
Definitions for common terms applied in the descriptions of immunogenicity are offered below: & Biologic drug: This term includes biotechnology-derived therapeutic proteins (including mAbs) and peptides, some plasma-derived products (e.g., coagulation factor replacement products), and naturally derived proteins (e.g. therapeutic enzymes and toxins), but excludes oligonucleotides, cellular products, and vaccines. Peptides are included irrespective of the method of manufacture (synthetic or biological systems) or contemporary regulatory definitions.
&
Anti-drug antibody (ADA): Biologic drug-reactive antibody, including pre-existing host antibodies that are cross-reactive with the administered biologic drug (baseline ADA). It comprises neutralizing and nonneutralizing ADA. Other terms that have been used for ADA include anti-therapeutic antibody (ATA), anti-product antibody (APA), or anti-biologic antibody (ABA).
Binding ADA: All ADA are inherently "binding" antibodies because they bind the biologic drug molecule, as determined by an in vitro test method, regardless of their in vivo relevance (i.e., whether or not they produce clinical impact). A common misuse of this term is to apply it solely in reference to nonneutralizing antibodies, whereas neutralizing antibodies, in fact, are a subset of binding antibodies.
Neutralizing ADA (NAb): ADA that inhibits or reduces the pharmacological activity of the biologic drug molecule, as determined by an in vitro test or animal-based bioassay method, regardless of its in vivo clinical relevance (i.e., whether or not test method results relate to clinical impact in the subject).
Non-neutralizing ADA (non-neutralizing antibody, nonNAb): ADA that binds to the biologic drug molecule but does not inhibit its pharmacological activity in an in vitro test or animal-based bioassay method, regardless of its in vivo clinical relevance (i.e., whether or not test method results relate to clinical impact in the subject).
Drug-sustaining ADA response: An ADA immune response associated with a reduced clearance rate of the drug; the drug's half-life is longer in its ADAbound state than in its unbound state (inferred via statistical determination). The drug may (when bound by non-NAb) or may not (when bound by NAb) be pharmacologically active.
Clearing ADA response: when the presence of ADA (NAb or non-NAb) is associated with increased clearance of drug (inferred via statistical determination), the ADA immune response (not the ADA per se) is considered to be "clearing." The impact of antibodies on drug clearance is a multifaceted mechanism involving ADA, circulating immune complex lattice, complement binding, Fc receptor binding, etc. Generally, ADA form immune complexes with the therapeutic that are cleared by the reticuloendothelial system; this can be in addition to the normal clearance of the drug. Because the size of an immune complex is dependent on the concentrations of antigen and antibody, in some instances, ADA may be clearing only above a certain titer threshold.
& Human anti-murine antibody (HAMA): Human antibodies against epitopes of murine origin present in a murine or humanized mAb drug molecule. Taken literally, this term can be interpreted to mean that the ADA against one mAb drug can potentially crossreact with other murine sequence-based antibodies, raising concern over the administration of other mAb drugs containing murine sequences to ADA-positive subjects. When ADA cross-reactivity with other mouse antibodies is not confirmed, it is recommended to avoid the term HAMA to refer to ADA against murine mAb drugs.
& Human anti-chimeric antibody (HACA): Human antibodies against non-human epitopes present in a chimeric (human + another species, usually mouse) mAb drug molecule. Taken literally, this term can be interpreted to mean that the ADA can potentially cross-react with other chimeric antibodies, raising concern over the administration of other chimeric mAb drugs to ADA-positive subjects. When crossreactivity with other chimeric antibodies is not confirmed, it is recommended to avoid the term HACA to refer to ADA against chimeric mAb drugs.
& Human anti-human antibody (HAHA): Human antibodies against human/humanized epitopes present in a humanized or fully human mAb drug molecule. Taken literally, this term can be interpreted to mean that the ADA can potentially cross-react with other human sequence-based antibodies, raising concern over the administration of other human mAb drugs to ADA-positive subjects. When cross-reactivity with other human sequence-based antibodies is not confirmed, it is recommended to avoid the term HAHA to refer to ADA against humanized or human mAb drugs.
& Rheumatoid factor (RF): an endogenous immunoglobulin that typically binds the Fc portion of IgG. RF is often found in the serum of patients with autoimmune diseases like rheumatoid arthritis. Rheumatoid factor can sometimes also be found in serum of patients with other diseases or even healthy individuals and can interfere with ADA detection methods.
& Pre-existing ADA: refers to antibodies reactive with the biologic drug that are present in subjects before treatment (or before initiation of the clinical study). This term, analogous with "baseline ADA," is used strictly on the basis of detecting drug-reactive antibodies prior to treatment administration, irrespective of the etiology of this reactivity (i.e., whether or not a patient received the same drug in the past, had cross-reactive antibodies from exposure to other antigens, etc.).
& Treatment-induced ADA: ADA developed de novo (seroconversion) following biologic drug administration (i.e., formation of ADA any time after the initial drug administration in a subject without pre-existing ADA).
& Treatment-boosted ADA: Pre-existing ADA that were boosted to a higher level following biologic drug administration (i.e., any time after the initial drug administration the ADA titer is greater than the baseline titer by a scientifically reasonable margin such as fourfold or ninefold as explained in "Bioanalytical Considerations").
& ADA prevalence: The proportion of all individuals having drug-reactive antibodies (including pre-existing antibodies) at any point in time. This term is distinct from ADA incidence (see below).
& ADA incidence: The proportion of the study population found to have seroconverted or boosted their preexisting ADA during the study period. Synonymous with "treatment-emergent ADA", ADA incidence is the sum of both treatment-induced and treatmentboosted ADA-positive subjects as a proportion of the evaluable subject population. The term "rate of ADA" should not be used to mean ADA incidence because "rate" usually implies a measured unit over time, whereas "incidence" relates the measured unit to the total population of units. This term is distinct from ADA prevalence (see above).
& Titer: a quasi-quantitative expression of the level of ADA in a sample. By employing a serial dilutionbased test method, titer is defined as the reciprocal of the highest dilution of the sample (including MRD) that yields a positive result (e.g., dilution of 1/100=titer of 100), i.e., a result above a predetermined "cut point" value. It may be presented after logarithmic conversion if preferred. Alternatively, titer can be derived at the cut point value by interpolating from the dilution curve.
ANALYSIS AND REPORTING OF CLINICAL IMMUNOGENICITY
An integrated immunogenicity analysis strategy and tactical plan that is relevant to the intended clinical treatment strategy (dosage, tested in pivotal trials) is critical for elucidating the clinical relevance of immunogenicity data.
ADA should be tested using sensitive and valid methods and employing an appropriate strategy for elucidating immunogenicity (15, 19, 20, 23, 24) . Detection of ADA is typically followed by assessments of the magnitude (titer) of the ADA response and the in vitro neutralizing ability of ADA, especially in late-stage clinical studies. Additional characterization of ADA such as immunoglobulin subclass or isotype determinations, domain-mapping, relative binding affinity, cross-reactivity with endogenous proteins, or complementactivating ability of the ADA may be driven by product-specific, indication-specific, or risk assessment-based objectives (19, 20, 25) . These attributes of ADA can be delineated further based on their kinetic characteristics, that is, how early after drug exposure these antibodies develop ("onset" of ADA) and how long they last ("duration" of ADA). Any of these attributes and/or kinetic characteristics of ADA could potentially correlate with clinical consequences. Thus, it is useful to present ADA results from clinical studies as (a) characteristics of the ADA immune response, (b) relationship of ADA with pharmacokinetics (PK) and, when relevant, pharmacodynamic (PD) biomarkers, and (c) relationship of ADA with clinical safety and efficacy, as described below.
Clinical consequences of ADA can range from no apparent clinical effect to lack of efficacy (primary treatment failure), loss of efficacy (secondary treatment failure) or heightened effect due to altered exposure to the biologic drug, adverse drug reactions (administration-related systemic or site reactions), and severe adverse drug reactions (anaphylaxis and unique clinical problems associated with crossreactivity and neutralization of endogenous molecules). Thus, it becomes important to examine any associations between ADA or any of its attributes with the various clinical sequelae. Whereas a clearing ADA immune response (effect evident on PK) and non-clearing but neutralizing ADA response (such as a low-titer NAb whose effect may be seen on PD) can negatively impact clinical efficacy, the presence of ADA may not preclude the administration of drug to ADApositive patients because the outcome is dependent upon the magnitude of the impact of ADA on PK and PD. Hence, the relationship of ADA with PK/PD is an important additional consideration, but does not necessarily result in a clinically impactful consequence per se.
Determining the Characteristics of the ADA Immune Response
A fundamental metric that informs clinical immunogenicity interpretation is the incidence of ADA in a study or across comparable studies. Validated ADA test methods enable characterization of samples into ADA-positive versus ADA-negative. Additionally, when test methods are applied that are susceptible to interference by drug, it is recommended that samples containing interfering levels of drug be separated into a third category-ADA-inconclusive (26) . A prior publication (20) had originally advised that such samples be "reported as negative with possible drug interference" with the intent of conveying that the ADA status of such samples may be unresolved or inaccurate. However, newer bioanalytical technologies and sample pre-treatment steps (e.g., acid dissociation), when carefully optimized and validated to produce accurate results, may lead to fewer ADA-inconclusive samples. Although bioanalytical strategies and technical details are outside the scope of this manuscript, a brief discussion of methodological concerns that can impact immunogenicity results are presented in "Bioanalytical Considerations."
To classify the ADA status of a subject using data from an in vitro test method, it is recommended that each sample from the subject be categorized (the "sample ADA status") based on the following definitions:
& ADA-positive sample: When ADA is detected in a sample, the sample is considered positive. & ADA-negative sample: A sample is considered negative when ADA is not detected, and drug is absent in the same sample or present at a level that has been demonstrated to not interfere in the ADA detection method.
& ADA-inconclusive sample: When ADA is not detected in a sample but drug is present in the same sample at a level that can interfere in the ADA detection method then the negative ADA result cannot be incontrovertibly confirmed and it is better that the sample be classified as ADA-inconclusive.
&
Unevaluable sample: When a sample could not be tested for ADA status ("un-assayed sample") due to inadequate sample volume, mishandling, or errors in sample collection, processing, storage, etc.
The above definitions warrant the following clarifications. The term "detected" implies that drug-specific ADA was confirmed (24) . Also, the "drug tolerance" of an assay (highest drug concentration that does not interfere in the ADA detection method) is not an absolute value and differs between individuals due to the varying avidities of ADA immune responses. Although it is understood that immune responses in humans may vary between subjects and performance of the ADA-positive control in the ADA assay cannot be extrapolated to clinical samples, a contemporary practical approach has been to use one or more ADA-positive controls to develop methods that can tolerate drug levels that are higher than the concentrations expected at the sampling time points. Thus, study sponsors might consider taking a conservative approach such as applying a method with drug tolerance level that is twofold higher than the anticipated peak drug concentration in the ADA samples. When feasible, combining this with a sampling strategy of collecting samples at times when the least drug concentration is anticipated (trough concentrations) or eliminated (drug "washed out") can increase the likelihood of accurate ADA detection.
Of note, the term "borderline positive" to describe a sample (with confirmed drug-specific ADA) that produced laboratory results just above the assay cut point is inappropriate; these are positive samples whose titer equals at least the minimum required dilution (MRD) of the assay method.
Next, using the sample ADA status, it is recommended that the treatment-emergent immunogenicity status of each subject ("subject ADA status") be determined using the following definitions: & Evaluable subject: A subject with at least one sample taken after drug administration during the treatment or follow-up observation period that is appropriate for ADA testing (with reportable result). Only evaluable subjects are considered for computing treatment-induced ADA incidence. It is advised that sample(s) be taken at time points appropriate for the detection of antibodies, as described in "Sampling." administration during the treatment or follow-up observation period. However, whereas such a subject is excluded from treatment-emergent immunogenicity analyses, this subject ought to be included in the reporting of pre-existing ADA if the baseline sample had a reportable result. On the other hand, an unevaluable subject with all unevaluable samples cannot be evaluated at all, so therefore, is excluded from all immunogenicity analyses. & ADA-inconclusive subject: A subject who cannot irrefutably be classified as ADA-negative. To recommend a single definition for this category is not feasible because there can be any of several possible grounds warranting this category for different product classes and disparate circumstances. Thus, sound scientific rationale incorporating the drug's immunogenicity risk profile, prior experience with the drug, label information or publications on same-class drugs, and/or discussions with regulatory authorities ought to be considered in developing a fit-for-purpose definition of the ADA-inconclusive subject category. For example:
a Despite observing some ADA-negative samples during a subject's treatment (including follow-up observation period) with a higher risk drug, multiple other samples were found to be inconclusive precluding a definitive conclusion on the ADA status of the subject. b
Despite all ADA-negative samples during a subject's treatment (including follow-up observation period) with a lower risk drug, the last evaluable sample was found to be inconclusive, lending to a conservative ADA-inconclusive subject status.
Nevertheless, if the ADA-inconclusive status is not utilized a sound scientific rationale ought to be developed as a justification.
Classifying samples as being apparently negative for ADA yet having detectable drug on board (or at a level above what is defined as the drug tolerance limit of the ADA assay) as "ADA-inconclusive" can be a contentious issue. A commonly held opinion is that the results of ADA assays ought to be reported "as is" (i.e., only as positive or negative) and those results placed into perspective based upon results from other tests (such as PK and PD) and that if there is further evidence (based on the other tests) that affects the interpretation of an ADA-negative result, then an explanation would be warranted. However, this approach assumes that other (and appropriate) tests are performed, that they are tolerant to the presence of ADA, and that they are sensitive and specific enough to demonstrate the effect of ADA. Another debatable issue that can arise is whether the ADA-inconclusive subjects ought to be included or excluded in the sum total of subjects (the "denominator") bearing ADA results (proportions of which are reported as ADApositive or negative). One point of view is that ADAinconclusive subjects should not be included in the denominator because a "drug-intolerant" ADA detection method could report false-negative data (26) . On the other hand, including them may be acceptable if ADA-inconclusive subjects comprised a minor proportion of the evaluated subjects, immunogenicity risk was considered low (15, 19, 20, 27) , and/or because "drug tolerance" of an assay could not be applied with confidence as it is not an exact limit (24) . For example, including ADA-inconclusive subjects in the denominator may be justifiable in certain oncology studies where typically the dosage is high (leading to high trough serum concentration levels of the drug) and drug washout periods are frequently impossible to achieve. However, if this were the case, the caveats of the interpretation ought to be made clear in the label. A decision to proceed on either of these paths is enabled by a good-working knowledge of the ADA detection method, an understanding of the drug tolerance range using multiple ADA-positive controls, supportive data from an orthogonal approach or technology, and/ or consultations with the relevant health regulatory agency. Lastly, but notably, an important consideration in clinical study designs is to incorporate a sampling strategy of collecting samples at times when the least drug concentration is anticipated (trough concentrations) or eliminated (drug washed out) to increase the likelihood of accurate ADA detection and reporting.
After classifying subjects and their samples into the above "ADA status" categories, it is recommended that the combined data set be examined from various angles, and sample size permitting, also broken down by each relevant variable such as dose, dose frequency, route of administration, number of drug administrations, number of exposure days (days on each of which one or more infusions of biologic drug were administered), concomitant medications (particularly immunomodulators), etc. The first step for evaluating the clinical relevance of ADA-positive samples is to visualize the data in different ways. The extent of analysis will depend upon the phase of drug development, sample size, and ADA incidence (the more ADA-positive subjects, the more likely statistical correlations or observations of "trends" might prove worthwhile); thus, the type and extent of analyses ought to be driven by sound scientific judgment and/or consultations with the relevant health regulatory agency. The following types of analyses of ADA attributes can be useful: & Pre-existing ADA, titer, and boosting:
Baseline ADA-positive subjects as a percentage of the total number of subjects whose baseline samples were tested (with reportable results) for ADA. -Titer range (median and interquartile range (IQR)) of the baseline ADA-positive samples -Percentage of baseline ADA-positive subjects with significant increases in ADA titer after biologic drug administration (i.e., when any one sample taken after the initial drug administration has an ADA titer that is greater than the baseline titer by a scientifically reasonable margin, such as fourfold or ninefold as explained in "Bioanalytical Considerations").
& ADA incidence and titer: -Overall ADA incidence: combined results of treatment-boosted ADA-positive subjects and treatmentinduced ADA-positive subjects. Compute as a percentage of the total number of evaluable subjects, excluding baseline positive subjects without any samples available after drug administration. -Treatment-induced ADA incidence computed as a percentage of the total number of evaluable subjects that were ADA-negative at baseline. Also, report peak positive titer and range (median, IQR) for this group of subjects. -Treatment-boosted ADA computed as a percentage of the total number of evaluable subjects that were ADApositive at baseline. Also, compute the fold increase in titer (ratio of peak post-administration titer to baseline titer) and range of titer increases (median, IQR).
Neutralizing ADA: When applicable, report pre-existing NAb, boosting, and incidence as described above. If all ADA are neutralizing in all subjects, a separate analysis is obviously redundant.
Kinetics of ADA: The timing of ADA development and its duration can be useful information for a clinician to monitor treatment progress. The persistence of antibodies has been found to associate with clinical impact in several cases (28) (29) (30) .
To the drug developer, knowledge of ADA kinetics can help optimize the sampling schedule in subsequent studies of the same biologic drug, and in instances of ADA monitoring postmarketing as part of pharmacovigilance plans, the surveillance schedule, and the design of risk management and mitigation strategy can be optimized by understanding ADA kinetics.
Graphical representations of ADA kinetics are most useful. For example, a bivariate plot of ADA onset and ADA duration is illustrated in Fig. 1 , and a transient versus persistent ADA frequency plot depicted in Fig. 2 . These types of graphs are most informative when there are higher numbers of ADApositive subjects (e.g., ≥20) and the study duration is long enough to discern persistent antibodies after their development (e.g., ≥1 year). In addition to such graphics, a supplementary statistical description of the results is also advised when the sample size is adequate. This objective approach prevents misinterpretation of the results due to subjective biases. Of note however, sample size adequacy ought to be decided on a caseby-case basis, depending upon the design of the clinical study. The following computational approaches are advised:
Onset of ADA: refers to the time period between the initial administration of the biologic drug (in a study) and the first instance of treatment-induced ADA. The use of real-elapsed days is ideal for the calculations, although the use of nominal study time points can be adequate. Compute the "median time to ADA development" and the quartiles Q1 and Q3, which can enable an understanding of onset of ADA in one half, 25%, and 75% of the ADA-positive subjects, respectively. Other analyses relevant to the onset of ADA can be "number of drug doses to first incidence of ADA" or "number of exposure days to first incidence of ADA." Although rare, if IgG3 or IgA ADA are known to predominate in a study population, a 5-week period ought to be applied to modify the definitions of transient and persistent ADA (instead of the 16 weeks). This is because IgG3 and IgA have shorter half-lives than other IgGs (IgG3, 7 days; IgM and IgA, 5 days).
Note that treatment-boosted ADA are excluded from the analyses of ADA kinetics because this type of immune response differs mechanistically. In instances where preexisting ADA are significantly prevalent, it may be useful to separately delineate the kinetics of boosting.
Instead of categorizing ADA responses into transient versus persistent, computation of the median (the "median duration of ADA") and quartiles (Q1 and Q3) enables an understanding of the duration of ADA in half, 25%, and 75% of the ADA-positive subjects respectively. The quartile approach may enable better elucidation of the relationship of ADA duration with clinical impact, if any.
Lastly, it is inappropriate to define transient antibodies as those that disappear before the end of the study versus persistent antibodies as those that remain through the last study time point. This is because the definitions of transient and persistent ADA would then become dependent upon the length of the study rather than the actual duration of the ADA; longer studies would bias the results in favor of "transient antibodies" if such a definition was applied.
NAb incidence and kinetics: When study results indicate distinct NAb-containing versus non-NAb-containing subject groups, it can be useful to examine NAb incidence and kinetics separately for each group in the same manner as described above for ADA. For a clear assessment, only those patients for whom the ADA onset time is at least 16 weeks before the last visit or those that were ADA-negative at or before the last visit should be included in this graph. When interpreting this graph, it should be kept in mind that the maximal duration at later onset times will be proportionately less. Symbols in the plot could indicate a variable of choice (dosage in this example), clinical impact such as effects on efficacy (e.g., yes, no, and study discontinuation), adverse reactions (e.g., yes, no, and study discontinuation), etc. Cross-reactivity: When a biologic drug molecule is identical or nearly identical to an endogenous protein (whole or in part), it is important that the cross-reactivity of the ADA with the endogenous protein be evaluated because of heightened concern that such ADA might cause an autoimmune-like syndrome characterized by depletion of the endogenous protein. Comparing the kinetics and titers of the cross-reactive ADA and the ADA against the whole drug molecule can help evaluate worsening of disease manifestations.
Alternate approaches that describe these ADA attributes may be used. However, subjective terminology ought to be avoided because they can mistakenly be interpreted as implying association with a certain level of clinical impact. For example, titers among the ADA-positive population can be reported as median and interquartile range (IQR), but not using terms such as "high" or "low" because one might incorrectly assume that high-titer antibodies are clinically relevant (i.e., cause adverse events) whereas low-titer antibodies were not (i.e., benign). Similarly, instead of describing the onset of ADA after drug exposure as early versus late antibodies, it is objective to report median time to ADA development (or median number of doses to ADA) and the interquartile range. Characterizing ADA responses as transient or persistent could be useful for understanding their duration once they develop in subjects, yet such demarcation also must not imply that clinical consequences are associated with persistent antibodies alone. This is another instance where simple descriptive statistics (median duration of ADA and the interquartile range) can enable better associations with clinical outcomes. Figure 3 illustrates a useful way to visualize titer distribution over time in a study.
Results may be presented in tabular, text, or graphical form as appropriate. Additionally, providing raw data in a tabular format can allow regulatory agencies to be able to conduct their own analyses in order to validate the results in the packages submitted. When sample results are provided in a table, it is useful to include information such as patient identification number, clinical site identification (name or number), planned study visit or drug administration visit (nominal time point), dose level/frequency grouping, date sample was taken (actual time point), measured serum drug concentration, sample ADA status and titer, neutralizing ability status, etc. However, studies resulting in very low numbers of ADA-positive subjects may limit some analyses.
Determining the Relationship of ADA Results with PK and PD
ADA bind the biologic drug in circulation to form immune complexes which, depending upon their size, may be cleared faster from the body than unbound drug. Alternatively, for some products, the formation of immune complexes leads to recirculation and prolonged half-life. Regardless of their ability to bind to the active site of the drug molecule, these clearing or drugsustaining ADA responses can affect the PK profile such that drug clearance rates are increased or decreased respectively leading to altered drug exposure (15, 31) . Thus, it is important to examine the effects of ADA response on PK. The simplest way to illustrate this form of assessment is through graphical plots of relevant PK parameters against ADA status. A plot of median trough serum drug concentrations over time in ADA-positive versus ADAnegative groups of drug-treated patients (and, when appropriate, statistical significance of differences shown by p values) can be very informative (Fig. 4a) . If high variability of serum concentrations precludes meaningful information from median plots, it may be useful to plot individual profiles (trough concentrations over time) within a cohort for ADApositive versus ADA-negative subjects. Plots showing the effect of ADA response on drug clearance rate (Fig. 4b) or relevant PD parameter can further unravel the effects of ADA on PK. These PK parameters can also be plotted against ADA attributes such as titer (quartiles), onset (quartiles), and duration (quartiles or transient/persistent categories). Similarly, when efficacy surrogate PD markers are included in clinical studies, it can be useful to examine the effect of ADA development on PD. In addition to correlations with titer, onset, and duration of ADA as described above, presenting the effects of NAbs on PD is important.
Determining the Relationship of ADA Results with Clinical Safety and Efficacy
The primary goal of ADA assessments is to determine the clinical relevance of ADA. The following analyses in tabular or graphical depictions could shed light on whether ADA affect clinical efficacy and safety:
&

Impact of ADA on clinical efficacy:
-Primary non-response: While infrequent, patients with pre-existing ADA may not respond to drug treatment from the outset. Hence, examining the lack of response or inadequate response in baseline ADApositive patients is important. -Secondary non-response (loss of response): Patients who develop ADA de novo and patients with benign baseline ADA (i.e., patients who initially responded to the drug despite pre-existing ADA) that were boosted after biologic drug treatment may lose efficacy after a period of time. Thus, examining the potential impact of ADA on maintenance of efficacy in subjects with primary response to drug is important. Assessing levels of efficacy in ADA-positive versus ADA-negative patients can be useful (example shown in Fig. 5 ). Similar evaluations of ADA attributes such as titer (quartiles), onset (quartiles), and duration (quartiles or transient versus persistent ADA response) could also be useful.
&
Impact of ADA on clinical safety:
Safety issues may not necessarily correlate with any effects on PK or efficacy; thus, it is important to independently evaluate the relationship of ADA with the anticipated or relevant adverse events (AEs) driven by product-specific immunogenicity risk assessment and risk management plan. Generally, the following types of AEs can result from ADA development in human subjects: -Acute AEs: ADA could cause devastating hypersensitivity reactions during or within hours after exposure to the biologic drug. Thus, it is important to examine the relationship between ADA and the following types of acute AEs.
Type-I hypersensitivity (anaphylaxis): ADA-positive patients could experience anaphylactic reactions (27, 32) . In some settings, the term anaphylaxis is conventionally restricted to IgE-mediated reactions such as hypotension, bronchospasm, laryngeal or pharyngeal edema, wheezing, and/or urticaria (15) . However, including all cases with such acute clinical signs under anaphylaxis, irrespective of the pathophysiology, may be needed for drug development purposes (27) . In such cases, the investigation of drug-specific IgE may be warranted, particularly if such AEs were not rare. Depending on the time of the event relative to the initiation of treatment, the role of pre-existing antibodies may require investigation. Such acute reactions can have implications for the need to develop a drug-specific companion diagnostic test to screen prospective patients for pre-existing antibodies and to implement precautionary measures at the time of treatment (including exclusion from treatment) or to develop post-dose safety monitoring strategies. It is advised that diagnosis and management of anaphylaxis during clinical trials be discussed with regulatory authorities because they may have different approaches to managing anaphylaxis.
Other drug administration-related acute reactions: Biologic drug exposure can elicit a range of acute effects other than anaphylaxis from symptomatic discomfort and local (administration site) inflammatory reactions to sudden, fatal reactions. Infusion reactions include a range of symptoms such as headache, nausea, fever or chills, dizziness, flush, pruritis, and chest or back pain (15) . It can be challenging to distinguish between such reactions and anaphylaxis or cytokine release syndrome (15, 27) ; therefore, it may be best to examine associations of ADA with specific signs and symptoms of acute clinical AEs (27) .
Non-acute AEs: Delayed hypersensitivity and inflammatory responses secondary to immune complex and complementmediated reactions could occur hours to days after exposure to the biologic drug. Hence, it is important to examine the relationship between ADA and non-acute AEs such as fever, rash, arthralgia, myalgia, hematuria, proteinuria, serositis, central nervous system complications, and hemolytic anemia.
Type III hypersensitivity: ADA-positive patients could experience immune complex-mediated inflammatory reactions (27, 32) after the initial dose if pre-existing antibodies are present or later when treatment-induced ADA develop. Type III hypersensitivity symptoms may be acute or delayed in relation to the initial exposure to the biological drug. Relationships between such adverse reactions and ADA and its various attributes ought to be examined. However, these reactions typically have a subacute presentation (27) , and as a result, such relationships may be difficult to establish.
Type IV hypersensitivity: These reactions are mediated by the activation of different types of lymphocytes leading to delayed reactions after exposure to the biologic drug. These reactions are mechanism-dependent and usually not within the scope of ADA-mediated reactions.
Worsening of disease: In addition to loss of efficacy, ADApositive patients could experience worsening of underlying disease or disease manifestations due to the depletion of the biologic drug molecule's endogenous counterpart or potentially a novel morbidity, as a result of cross-reactive ADA to another endogenous entity. Such investigations usually depend on the clinical risk of immunogenicity. Thus, relationships between ADA (incidence and other attributes) versus clinical symptoms of worsened disease and other adverse events are important.
Increased drug toxicity: ADA-positive patients could experience clinical symptoms of drug toxicity due to biologic drug overexposure. In instances where an integrated analysis of PK and ADA indicates prolonged exposure to the drug (due to a "drug-sustaining" ADA response), signs of increased drug toxicity ought to be examined.
&
Impact of ADA on other clinically relevant outcomes:
Other associations of clinical outcomes may be useful to examine by ADA status. For example, the relationship between Fig. 3 . ADA titer kinetics. This plot of titers over time in a study is useful in determining whether the ADA levels tend to change over time during the treatment. Each box plot represents the titer range, Q1, Median (Q2), Q3, excluding outliers (asterisks) ADA and study discontinuation (33) and the probability of drug maintenance by ADA status over time (34) can be useful supplementary information.
DETERMINATION OF CLINICALLY RELEVANT THRESHOLDS OF ADA
The type and degree of clinical consequence is probably related to differences in the quality (attributes) or quantity (magnitude) of ADA. We refer to this clinically discriminating characteristic of ADA as a clinically relevant threshold of ADA. The final goal of immunogenicity assessments and analyses is to derive a clinically relevant threshold of any of the various attributes of ADA for categories of harmful clinical consequences observed during drug development.
In its simplest form, an analysis includes a listing of relevant clinical results in order of increasing severity alongside the continuous or discrete ADA data (incidence or the various attributes) per subject. A visual examination of "no observed effects" or benign effects versus significant adverse effects could provide an approximate indication of a Fig. 4 . a Influence of ADA on PK (trough serum concentrations). This plot of serum concentrations of the biologic drug in ADA-positive subjects (closed symbols) and ADA-negative subjects (open symbols) over time provides a useful visual assessment of the effect of ADA on circulating drug levels. The ADA status (positive or negative) is considered in a cumulative manner at each time point (i.e., if a subject had a positive sample at any prior time before an efficacy assessment visit and that subject would be counted as positive through that time point). If differences are not easily apparent between the ADA-positive and ADA-negative subjects, it can be informative to present the ADA-positive subjects in groups of titers (quartiles) versus the ADA-negative subjects. Alternatively, if a clinically relevant threshold of ADA titer was already known, serum concentration values from ADA-positive patients with titers above the threshold, those below the threshold, and ADA-negative patients can each be plotted. At each time point, the geometric mean drug concentration and 90 or 95% confidence intervals are shown. Additional plots may be added for each dose level. When ADA-inconclusive subjects comprise a significant proportion, it should also be included in this plot. Similarly, such a graphical plot may be useful to illustrate the effect of transient versus persistent immune responses on serum concentrations of drug. b Influence of ADA PK (clearance rate). This plot of apparent clearance rate (CL/F) of the biologic drug in ADA-positive subjects (closed symbols) and ADA-negative subjects (open symbols) provides a useful visual assessment of the effect of ADA on drug elimination. The ADA status (positive or negative) is considered in a cumulative manner at each time point (i.e., if a subject had a positive sample at any prior time before an efficacy assessment visit and that subject would be counted as positive through that time point). If differences are not easily apparent between the ADA-positive and ADA-negative subjects, it can be informative to present the ADA-positive subjects in groups of titers (quartiles) versus the ADA-negative subjects. Alternatively, if a clinically relevant threshold of an ADA attribute was already known, drug clearance values from ADApositive patients with results above the threshold, those below the threshold, and ADA-negative patients can each be plotted. When ADAinconclusive subjects comprise a significant proportion, it should also be included in this plot. Similarly, such a graphical plot may be useful to illustrate the effect of transient versus persistent immune responses on clearance rate. Alternative visualizations as box-plots with individual points overlaid may also be used. Data may also be grouped by dosing period, demographics, etc.
clinically relevant threshold. This approach can be laborious, error-prone, and subject to bias. Thus, generally, clinically relevant thresholds can be decisively established only when statistical approaches are applied. It is not possible to present all, or the best, statistical approaches for the determination of clinically relevant thresholds of ADA; however, for statistical analysis, sufficiency of sample size is important. Hence, we caution that subjective approaches or those involving statistically insufficient sample size be avoided or minimally applied only under exceptional circumstances in consultation with relevant health regulatory agencies. For example, the overall risk-benefit profile of a biologic drug may warrant the application of an empirical ADA threshold in order to ensure patient safety despite the lack of statistically supported evidence of clinical relevance. Complex study designs with multiple arms and satellite studies may not permit statistical assessments of immunogenicity. Hence, we recommend that while most descriptive characteristics be reported by dosage, attempts ought to be made to combine data from the whole study or similar dosage arms in order to enable statistical analyses, particularly for correlations with safety issues.
The association of ADA level with clinical endpoints is best evaluated by classifying the ADA characteristic/attribute values into groups ("Determining the characteristics of the ADA Immune Response"). It may be tempting to group them as low, mid, and high based on experience with other products. However, such arbitrary distinction is suboptimal for associating with clinical efficacy, PK, or safety endpoints. On the other hand, grouping by quartiles (or higher percentiles if appropriate) is a more objective approach. Any statistical analysis, however, will be dependent upon the availability of an adequate sample size.
Extremely low numbers of ADA-positive subjects may preclude the application of statistics and limit the determination to subjective inference. However, when sufficient data are available, clinically relevant ADA thresholds can be determined using a partition analysis or a multivariate approach. It is useful to apply an approach that can uncover nonlinear relationships between the predictor and response. For example, if the decline in efficacy is negligible up to a certain titer level and then progressively worsens for patients that have higher titers.
For evaluating the association of ADA attributes with binary clinical endpoints (such as adverse reaction/no adverse reaction, or worsened/not worsened disease status), receiver operating characteristic (ROC) curves can be used. ROC analysis is frequently used in assessments of diagnostic test performance and is a graphical plot which illustrates the performance of a binary classifier system as its discrimination threshold is varied (35) . Positive versus negative clinical outcomes are assessed above and below each discrete value of an ADA attribute in a 2× 2 tabular format. Then, the true-positive rate (sensitivity) and true-negative rate (specificity) can be calculated and based on the latter; the false-positive rate is also calculated (1-specificity). Similarly, these rates are calculated for all the other titer values. Then, the true-positive rate (y-axis) is plotted against the falsepositive rate (x-axis), and the resulting curve informs two important aspects: (a) if the area under the curve is greater than 0.5, the test attribute is associated with clinical outcome and (b) the value of this attribute at which the maximal sensitivity and minimal false-positive rate occur is considered the optimal discriminator of positive versus negative clinical outcomes or the clinically relevant threshold. ROC analysis has been used to determine clinically relevant thresholds of ADA and drug levels recently (36) and can be a reliable tool; however, this approach enables the association of only one ADA attribute at a time.
More powerful approaches explore the associations of ADA attributes with clinical outcomes in a multivariate framework. One such approach is the Classification and Regression Tree (CART) model, which provides decision rules that are visualized in the form of a tree for predicting a categorical clinical outcome (classification tree) or a continuous clinical outcome (regression tree). The CART model, generated by repeated partitioning of the dataset (Fig. 6) , can provide useful insights on the ADA characteristics that impact the efficacy, safety, and PK endpoints. Hence, this approach is also referred to as "recursive partitioning" or "decision tree" analysis. Among all the ADA attributes (listed in "Determining the characteristics of the ADA Immune Response", such as ADA incidence, titer, neutralizing ability, kinetics, etc.), the one that best separates (with statistical significance) the data into two clinically distinct groups is first chosen, along with the "split" point on the predictor that provided this optimal separation. This process is repeated separately for each of the two groups, and the process continues to grow the tree until there is no statistical significance in splitting (typically the robust "logworth" value is used to represent statistical significance in CART; however, logworth can be translated into the more familiar p value. For example, a logworth of 2 is the p value 0.01 and a logworth of 3 is the p value 0.001). This type of analysis requires large datasets, at least 30 (but preferably >50) ADA-positive patients are preferred, with a fairly wide distribution of titer levels, ADA duration, onset times, or other ADA Fig. 5 . Influence of ADA on clinical efficacy. This plot of an efficacy measure in ADA-positive subjects and ADA-negative subjects over time provides a useful visual assessment of the effect of ADA on drug efficacy. The ADA status (positive or negative) is considered in a cumulative manner at each time point (i.e., if a subject had a positive sample at any prior time before an efficacy assessment visit then that subject would be counted as positive through that time point). If differences are not easily apparent between the ADA-positive and ADA-negative subjects, it can be informative to present the ADApositive subjects in groups of titers (quartiles) versus the ADAnegative subjects. Similarly, such a graphical plot may be useful to illustrate the effect of transient versus persistent immune responses on efficacy. Alternatively, if a clinically relevant threshold of an ADA attribute was already known, efficacy data from ADA-positive patients with results above the threshold, those below the threshold, and ADA-negative patients can each be plotted. Sample sizes are indicated characteristics of interest. In contrast with ROC, the CART approach is useful also for assessing interactions (dependencies) between predictors, for example, if the titer levels have a stronger impact on efficacy decline when the ADA duration is longer or when the ADA onset time is earlier. CART models can be performed with user-friendly programs such as JMP® (SAS Institute Inc., Cary, NC, USA), but more rigorous and powerful versions of tree-based models are available in R and other specialized statistical programs. Collaboration with a statistician is highly recommended when carrying out these analyses. Additional modeling methods may be considered depending on the nature of the data.
SAMPLING
For the registration (BLA/MAA) of chronic treatments (or repeat drug administration), regulatory authorities typically expect immunogenicity data at least through the first year of treatment (27) , although shorter terms may be justifiable on a case-by-case basis. It is recommended that ADA be evaluated in all study patients and not in a symptom-driven manner (15) and the sampling schedule for each product be determined on a case-by-case basis, taking into account the risks associated with immunogenicity (15), risk of extensive blood collection on the health of the patient, dose frequency, trough concentration time points, and previous experience with the drug's immunogenicity profile. Sampling frequency during treatment ought to be designed to maximize the opportunity of detecting treatment-induced ADA and, when applicable, to understand the kinetics of this immune response. Ideally, samples are collected at baseline (prior to receiving treatment) and depending on the length of the clinical study at approximately the following time points following initial drug administration: 2 weeks (optional); 1, 2, 3, 6, 9, 12, 18, and 24 months; and every year thereafter during treatment, including an end-of-study sample. When feasible, attempts ought to be made to collect an end-of-study sample at a time point where the drug has washed out, i.e., after at least five half-lives of the drug since its last dose (when only a negligible 3% of the drug remains). This sampling scheme enables the differentiation of transient versus persistent ADA response optimally during the first year of treatment, but less so in longer studies. Hence, for some high-risk products, one might consider continued frequent sampling in year 2 and thereafter (the pattern of sampling used in the first year is suggested). If alternate time points are applied, it is advised that at least four appropriately spaced samples are collected in studies ≤1 year in length. A risk-based approach (19, 20, 37, 38) may also justify collecting the samples at the suggested time points, but only testing a limited set of samples during clinical trials while storing the remainder for contingent testing. However, strategies for contingent testing may require discussion with regulatory authorities.
Additionally, some high-risk products may require poststudy monitoring (follow-up of ADA-positive subjects) to determine the off-treatment persistence of ADA. Such decisions are based on considerations of the drug's immunogenicity risk profile, prior experience with the drug and/or label information or publications on same-class drugs. If a subject is found to be ADA-positive at the end-of-study, it may be important to assess the persistence of the ADA. To assess this, at least one more sample ought to be taken at least 4 months later, that is, a period of time where any transient ADA would be expected to have cleared. ADA detected after the above period should be considered persistent off- Fig. 6 . An example CART model for the association to safety (adverse event) incidence. Among the 89 patients found to be ADA-positive through 2 years of treatment, ∼18% had a specific type of adverse event (AE). The association of this binary safety endpoint (1=yes AE; 0=no AE) with the ADA attributes titer, onset, and duration was evaluated. The model picked ADA onset time as the most important predictor; 26% of the 43 patients with onset time before 174 days had the AE, whereas only 11% of the 46 patients with later onset time had AE. Among 43 patients with ADA onset earlier than 174 days, the model found titer levels to be a useful predictor; 31% of the 36 patients with titer level >20 had the AE, where none of the seven patients that had titer levels <20 had any AE. Using this model, it could be inferred that biologic drug-treated patients were 2.4-fold more likely to develop ADA in the initial 25-week period than later. Furthermore, at least among those who developed ADA in the initial 25 weeks, titers less than 20 were not associated with the AE treatment. Regulatory agencies may also advise that patients with persistent antibodies be followed up until their ADA become negative.
BIOANALYTICAL CONSIDERATIONS
Recommendations for ADA assay development, method validation, and testing strategies have been published by the Ligand-Binding Assay Bioanalytical Focus Group (LBABFG) of AAPS (20, 24, (39) (40) (41) . Additionally, scientific publications on risk-based approaches to immunogenicity assessments (19, 20, 37, 38, 42) and regulatory documents from the US Food and Drug Administration (FDA) and the European Medicine Agency (EMA) are also available (15, 23, 27, 43) . Together, these documents provide ample guidance for the application of appropriate ADA detection methods in clinical studies. Beyond these efforts to harmonize bioanalytical approaches, however, some caveats remain that can impact the interpretation of immunogenicity data, as described below. Due to such caveats, the US Food and Drug Administration (FDA) requires that biological product package inserts explicitly state that cross-product comparisons of immunogenicity can be misleading due to methodological differences and are therefore inappropriate.
ADA detection is limited by the assay method used. For example, lower affinity ADA can be detected by surface plasmon resonance, bio-layer interferometry, or other platforms that minimize washing steps, albeit with lower sensitivity compared with enzyme-linked immunosorbent assays (ELISA) and electrochemiluminescence immunoassays (ECLIA) (44) . In contrast, the latter types of immunoassays involving multiple wash steps are typically able to detect higher affinity ADA (39), yet because immunoassays offer higher sensitivity and throughput, they remain the major platform of choice for ADA detection. Whether lower or higher affinity ADA is clinically relevant cannot be generalized, but such relevance can only be reliably assessed if a method was capable of detecting a reasonable range of affinities of ADA. Similarly, ADA assay sensitivity is dependent on the affinity of the positive controls (usually generated from hyperimmunized animals) and thereby ought to be interpreted with this caveat in mind. Antibodies of different affinities produce different assay sensitivity results in the same assay, and the same antibody produces different assay sensitivity results in different assay platforms or sometimes even below detection (45) . Hence, when possible, it is recommended that more than one positive control be used during assay development and validation. It is also possible that an ADA assay optimized using a high-affinity positive control may inherently be biased toward overestimating the method sensitivity and missing the detection of lower affinity ADA unless the detection of lower affinity positive controls is also demonstrated with reasonable sensitivity. While optimal, it is understandable that such a variety of positive controls may not be available during assay development and validation.
Rheumatoid factor (RF) is often found in the serum of patients with autoimmune diseases like rheumatoid arthritis and infrequently in healthy individuals. It binds the Fc portion of IgG and therefore could be detected inaccurately as "ADA" in the case of monoclonal drug products. Hence, efforts are needed during the development of ADA methods for certain disease populations to minimize RF interference.
Additionally, interference by other factors, such as soluble receptors, also need to be evaluated as indicated based on the disease population.
The biologic drug itself typically interferes with ADA detection in the test methods to produce inaccurate results; this can lead to false-negative results or underestimated titer values for positive samples (39) . Details on assay interference are absent in drug labels and in most publications, so ADA results ought to be accepted with caution. Characterization of this drug tolerance of the assay (i.e., sensitivity of ADA detection in the presence of drug) has been stressed in recent years (24) , but it is likely that some methods, particularly the older methods used for established products, have not addressed the impact of drug on reported ADA results (26) . Nevertheless, because the sensitivity and drug tolerance of an ADA method are dependent upon the positive control used in the assay and vary when positive controls are changed, a risk-based approach can be applied in determining the circumstances when it may be appropriate to apply this value in decision-making. For example, whether or not to apply the "drug tolerance limit" in inferring an apparently ADA-negative sample with drug on board as truly negative, instead of ADAinconclusive, or whether or not to wait for a drug washout period before sampling (or at least one final sample) in clinical studies. Interference by soluble drug target is increasingly also being recognized as another confounding factor recently, in particular, due to the development of "drug-tolerant" ADA detection methods employing "acid dissociation." When low pH conditions are validated to leave the ADA structure unaffected but break apart the ADA-drug immune complex into individual components, it becomes possible to detect ADA in samples that would otherwise have produced false-negative data. However, in such methods, acid pre-treatment of test samples can break apart not only the drug-ADA immune complex but also the drug-target complex ("bound target") (46) . Depending upon the abundance of epitopes in its structure, released target can interfere in ADA detection methods and produce either false-negative or falsepositive results. Because binding of drug to its target is required for efficacy, bound target in patients can accumulate to supraphysiological concentrations when in complex with longacting biologics such as mAbs or pegylated drugs. Thus, a majority of subjects' samples may contain drug-bound target, which if released during laboratory analyses, can produce significantly inaccurate ADA results.
In addition to possibly reduced titer values caused by drug interference in the assay, the determination of changes in ADA titers over time can be significantly affected by the type of serial dilution scheme applied in titration assays. For example, if a tenfold dilution scheme is applied, a sample's titer value could be 10, 100, 1,000, or a higher multiple of ten. In this case, ADA levels with titer values between 10 and 100 would be judged as 10, values between 100 and 1,000 would be judged as 100, and so on. An ADA-positive subject with two samples-an initial one with a titer value of 10 and a subsequent one with an obviously higher titer value of 80-would both appear to possess a titer of 10, leading to an inaccurate conclusion that the ADA levels remained unchanged over time. Whether such changes in ADA levels are clinically meaningful cannot be generalized, but such relevance can be reliably assessed only if the titration method was capable of discriminating close ADA titers. Hence, after the determination of the MRD of the assay, a low serial dilution scheme such as twofold or threefold is recommended; higher dilution factors (e.g., tenfold) are not recommended as they can be imprecise. Alternatively, it is also suitable to define the serial dilution scheme based on the precision of the titration assay. Due to the format of titration assays, close titer values ought to be compared cautiously based on a reasonable margin of the imprecision of the titration method. Because a single dilution difference in titration experiments is often within the expected imprecision of the method, a difference in titer values between two samples representing twice the dilution level is generally considered significant (i.e., a fourfold difference in titer values may be the least significant change when a twofold serial dilution is applied for titration or ninefold difference in titer values may be the least significant change when a threefold serial dilution is applied for titration).
Neutralizing antibody test methods-particularly cell-based bioassays-are often limited by sensitivity compared to ADA detection immunoassays; a lack of neutralizing activity in these assays does not necessarily confirm that the ADA is nonneutralizing (19) . Statements regarding non-neutralizing antibodies in labels and publications ought to be taken cautiously, preferably only after examining the relevant clinical (pharmacodynamic, efficacy, and safety) correlates supporting the absence of drug neutralization and possibly also including a statement of relative sensitivity differences between the screening and neutralizing antibody methods.
Last but not least, a seldom considered factor that can impact the interpretation of the influence of ADA on PK is the type of bioanalytical method employed for drug concentration determination. Typically, PK immunoassays detect "free" drug because its levels are critical to clinical efficacy, and such methods are relatively easier to develop. Alternatively, some assay formats can detect "total" drug, which comprises free drug, target-bound drug, and possibly ADA-bound drug. Like ADA methods, PK immunoassays cannot be taken for granted; the format of PK immunoassays can vary widely in their susceptibility to interference by ADA (47) . For example, the accuracy of PK immunoassays based on a format of capture and detection of a mAb drug using the drug target or anti-idiotypic antibodies is not expected to be affected by the presence of non-neutralizing ADA (nonNAb), whereas NAb can produce significantly undervalued drug concentration results. On the other hand, PK immunoassays employing an anti-Fc antibody-based capture or detection scheme may be interfered by the presence of nonNAb. A PK immunoassay may undervalue drug concentration when a fraction of the drug may have existed in vivo in an immune complex with non-NAb (therefore remaining bioactive). The same sample may have shown evidence of ADA if the ADA method was drug-tolerant. In this instance, one might erroneously conclude that PK was unaffected by ADA. Additionally, it would be difficult to reconcile the paradox that drug was efficacious at a lower concentration in ADA-positive subjects whereas the same concentration in ADA-negative subjects precluded efficacy. Thus, it is important to closely examine whether apparent changes in drug concentrations were caused by changes in drug clearance (due to immune complex formation with ADA), interference of ADA in the PK assay, or both, and this etiology is independent from other modes of drug elimination such as target-mediated drug disposition, renal filtration, or degradation. Lack of such knowledge could hinder a clear understanding of the impact of ADA on pharmacokinetics and the relationship with efficacy.
CONCLUSION
To date, the description of the immunogenicity of most biologic drug products has been of limited utility in informing physicians and patients of the true benefit/risk of the treatment and to guide post-marketing clinical practice. Clearly, a better understanding of ADA incidence and magnitude, time of onset, duration, neutralizing ability, cross-reactivity with endogenous molecules or other marketed biologic drugs, and their clinically relevant thresholds would enable enhanced clinical management of disease with biologic drugs.
We have defined terms for describing and analyzing immunogenicity data. We also presented analytical and data presentation approaches and our perspective on the types of information necessary to assess the clinical relevance of immunogenicity. The recommended descriptive and statistical analyses may not be equally relevant in all phases of drug development nor for all drugs; one ought to develop an analytical plan that is suitable for the intended purpose. Describing the characteristics of ADA development and associations of PK, efficacy and safety are meaningful when reporting individual clinical study findings, albeit limited when ADA incidence is too low or when study size is small. ADA characteristics and associations with clinical outcomes may vary among studies; hence, determinations of clinically relevant ADA thresholds may be unnecessary until after the completion of the pivotal studies supporting registration. At that time, if feasible, attempts ought to be made to combine data from all the studies with comparable dosage in order to enable a more robust assessment of the clinically relevant ADA threshold.
